Symbiosis of common bean with nitrogen-fixing bacteria can lead to a reduction in production costs and in environmental impacts. Considering the diversity of soils and climates, it is important to validate bacterial strains under different conditions to consolidate their recommendation as inoculants. Studies concerning the economic viability of Rhizobium inoculation in common bean are few, but they could assist in choosing the strain to be adopted. The aim of this study was to evaluate the performance of Rhizobium strains isolated from acid soils from the Amazon inoculated in seeds of the 'BRSMG Madrepérola' cultivar and to evaluate the economic viability of their use in the field. Four field experiments were conducted in the state of Minas Gerais, Brazil. A randomized block experimental design was used with four replications and seven treatments: inoculation with the strains CIAT 899 (Rhizobium tropici), UFLA 02-100 (R. etli), UFLA 02-68 (R. etli bv. mimosae), UFLA 02-127 (R. leguminosarum bv. phaseoli), and UFLA 04-173 (R. miluonense), plus two controls, one without inoculation + mineral nitrogen (N-urea) at a rate of 80 kg N ha -1 and another without inoculation and without mineral N. The strain CIAT 899 is already recommended for the manufacture of commercial inoculants, and the others, collected in the Amazon region, have proven to be highly effective in biological nitrogen fixation. Symbiosis of common bean with all the strains evaluated leads to satisfactory yields, with reduction in the application rate of mineral nitrogen and in environmental impacts and, consequently, reduction in economic costs, with higher profitability.
Introduction
Plant growth promoting rhizobacteria, which include symbiotic atmospheric nitrogen (N 2 ) fixers, are important tools for sustainable agriculture (Barea, 2015; Lagos et al., 2015; Larsen et al., 2015) . Common bean is a legume that exhibits the ability to fix N 2 through symbiosis with bacteria of the Rhizobium genus and other genera, which are capable of providing at least part of the N required by the plant for its development, resulting in significant savings in the use of N rhizobia (Moreira, 2008) .
In spite of this ability, biotic and abiotic factors can act in reducing the efficiency of this relationship.
Prominent limiting factors include competition of the rhizobium with inefficient native strains established in the soil (Araújo et al., 2007) and adverse environmental conditions, such as high temperature (Raposeiras et al., 2002) , soil acidity (Vargas and Graham, 1988) , and other soil factors, such as aluminum (Al) and manganese toxicity (Tsai et al., 1993) .
To maximize the contribution of biological nitrogen fixation (BNF) in soils, mainly in tropical soils where these conditions are more pronounced, it is necessary to use strains that are more adapted, competitive, and efficient in the infection process (Rufini et al., 2011) .
In this respect, studies have been undertaken, showing good results in the field not only with the strain CIAT 899 of Rhizobium tropici, whose symbiotic efficiency is already well known (Graham et al., 1994) , but also with strains isolated from acid soils with high Al content from the Amazon (Soares et al., 2006; Ferreira et al., 2009; Nogueira et al., 2017) . Studies in regard to the economic viability of inoculation with Rhizobium in common bean, however, are few, but they could assist in choosing the strain to be adopted. (Soares et al) . (2016) .
Considering the diversity of climates and soils, it is important to validate strains that have provided satisfactory results in different soil and climate conditions and, above all, that increase return on the capital invested in the common bean crop. This information will contribute to consolidate recommendation for their use and consequent approval as inoculants. Thus, the aim of this study was to evaluate the performance of Rhizobium strains isolated from acid soils from the Amazon, and to evaluate the economic viability of their use in the fields of Minas Gerais.
Materials and Methods
Four field experiments were performed during the 2012/13 spring-summer crop season in the South All the experiments were established in an Oxisol (USDA classification), using a conventional tillage system, with one plowing and two harrowings, in areas with no previous records of inoculation of bean plants or of other leguminous species. In Lavras, Uberaba and Patos de Minas, the soils had previously been used as pasture, while the soil of Lambari had a history of maize cropping. The native rhizobial populations able to nodulate beans at the four sites were approximately 10 3 colony-forming units (CFU) g soil -1 . These most probable numbers were determined as described by Rufini et al. (2011) .The results of analysis of soil samples, geographic coordinates, and climate of the areas are shown in Table 1 . A summary of the main climatic occurrences during the period of the experiments is shown in Figure 1 .
Rhizobium tropici strain CIAT 899 (Graham et al., 1994) , approved by the Ministry of Agriculture, Livestock and Food Supply (Ministério da Agricultura, Pecuária e Abastecimento-MAPA) for the production of commercial inoculants for bean seeds, was used as a reference. The strains UFLA 02-100, UFLA 02-68, UFLA 02-127, and UFLA 04-173 were collected from different environments and soils of the Amazon and have shown high effectiveness in biological nitrogen fixation in common bean, as well as high tolerance to acidity and high Al concentration (Ferreira et al., 2009; 2012; Rufini et al., 2011; Oliveira-Longatti et al., 2013; Nogueira et al., 2017 Table 2 . Origin, characteristics, and identification of the Rhizobium strains used as inoculants for common bean (Phaseolus vulgaris L.) in the study. The inoculants were prepared with peat (sterilized in an autoclave) mixed at a ratio of 3:2 (w:w) with log phase cultures in a semi-solid 79 medium (Fred and Waksman, 1928) , according to the procedures described by Soares et al. (2006) The semi-micro-Kjeldahl method was used to determine SNC and GNC. The SNC was calculated by multiplying the percentage of N by the dry matter and dividing the result by 100. The GNC was determined through the same formula used for the shoot samples, with grain yield substituting SDM.
All the data were subjected to individual and combined analyses of variance using the Sisvar version 4.0 software (Ferreira, 2011) , after being previously subjected to normality (Shapiro-Wilks test) and variance homocedasticity (Bartlett test) tests, using the (Table 3 ).
The greatest SDM was also observed in Lavras, more than double the values observed in Patos de Minas and Lambari (Table 3) (Table 3 ).
The effects of the treatments on SNC, for their part, were dependent on the crop locations; but significant differences among treatments were only observed in Lavras, where the control with N-urea exhibited the greatest value and did not differ significantly from the strain UFLA 04-173 (Table 4) .
Except for the strain UFLA 02-100, with the lowest SNC in Lavras, the other strains showed SNC that did not differ from the control without N. In the other locations, all the inoculated treatments were equal to both controls (Table 4) .
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The GNC was influenced both by the location and by the treatments. In Lavras, Lambari, and Uberaba, the GNC ranged from 4.2% to 4.5% and did not show significant difference, but in Patos de Minas, the N concentration (5.1%) exceeded that of the previously mentioned locations (Table 3) . Regarding the effect of the treatments, it can be observed that all the inoculations promoted GNC similar to the nitrogenfertilizer control. All these treatments, however, exceeded the 3.8% provided by native rhizobia (Table   4 ). In regard to N accumulations, only the strain UFLA 02-68 showed low GNA, which did not differ from the control without N. The other inoculations exhibited higher GNA and did not differ from the mineral N control (Table 3) . Within each factor, means followed by the same uppercase letter within the same column are not significantly different according to the Scott-Knott test at p<0.05. 1 Cont. w/N = Control with nitrogen application ( 80 Kg N-urea h -1 ) and without inoculation. Grain yield in the different locations followed the same decreasing order observed for GNA, that is, Lavras>Lambari, Uberaba>Patos de Minas ( Table   3 ). The strains UFLA 02-127, 04-173, and CIAT 899
-------------kg ha -1 -------------
showed mean yields from 1,820 to 1,845 kg ha -1 , which did not differ from the control with N. The strains UFLA 02-68 and UFLA 02-100, for their part, did not differ from the control without N (Table 3) .
In relation to the viability of the practice of inoculation, although the lowest effective operational cost occurred in the non-inoculated treatment, maximum economic efficiency was shown in use of the strain UFLA 04-173 (Table 5) ; returns at an average of 16% lower than this strain were provided by the treatments control without N and UFLA 02-68. Table 5 . Income from production, cost, and return on invested capital.
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Treatment
Income from production Cost Return on invested capital ) and without inoculation. The good performance of most of the introduced strains in regard to formation of nodules was also observed in the control without N fertilization, which indicates the presence of native strains of rhizobium in the soil, which were capable of nodulating as much as the inoculated bacteria, resulting in equivalent mean values in NN and NDM (Table 3) . This has been a frequent result in many situations Ferreira et al., 2009; Oliveira et al., 2016) .
----------------------------------R$ ------------------------------------
The low nodulation of the strain UFLA 02-68 coincides with the results of Rufini et al. (2011) , who found high sensitivity of this bacterium to the effects of the environment. The possibility cannot be excluded that some undetected factor unfavorable to weight of nodules may have interfered in the activity of this strain, resulting in low GNA and, consequently, a decline in yield (Table 3) .
The smaller number of nodules in the treatment that received nitrogen fertilization confirms the considerations of Moreira (2008) that associate reduction in formation of nodules to the excess of mineral N in the soil, through the lack of stimuli related to nutritional deficiency in the plant. This effect of the addition of mineral N, however, was not observed on NDM, but also was not favorable to plant growth (Table 3) . and genotype and to the density and activity of soil microorganisms (Moreira, 2008) . Thus, high N concentration in the common bean plant are expected in soils with a high degree of fertility or with abundant populations of native rhizobia with high symbiotic efficiency (Ferreira et al., 2009; Figueiredo et al., 2016) , conditions which were certainly not found in Patos de
Minas. Uberaba and Lambari, for their part, proved to have more effective rhizobia, providing high N even in the absence of inoculation or mineral fertilization.
In soils with less N or with low populations of efficient rhizobia, the effect of application of nitrogen fertilizers has provided concentrations superior to those found in plants without fertilization with mineral N (Soares et al., 2006; Rufini et al., 2011) . In
Lavras, where the SNC of the control with N-urea reached 4.2%, this increase appears to have occurred and complemented the contents provided by the native population (Table 4 ).
The good activity of the inoculations was maintained also in relation to grain nitrogen, providing enrichment similar to that of the control with N-urea. Concentrations that were 22% greater were observed in comparison to control plants, without fertilization and without inoculation. These results confirm the effectiveness of the strains selected, which was also reported by Soares et al. (2006) and Fonseca et al. (2013) .
The high mean yield achieved in the trials is noteworthy, at the level of 1.800 kg ha Fonseca et al., 2013) .The positive response of inoculation extended to common bean yield and to N accumulated in the grain. Mostasso et al. (2002) confirmed that use of the inoculation technique in favorable conditions, with adequate cultivars and strains and high technological level, can achieve yields of up to 2,600 kg ha -1
. Ferreira et al. (2000) and Elbanna et al. (2009) (Table 1) . Thus, it is noteworthy that these strains responded well even in soils with moderate acidity.
When economic analysis is made, however, the ad- Under the conditions in which this study was developed, however, it can be affirmed that the technique of inoculation of common bean with selected strains of Rhizobium is a real alternative for contributing to an increase in yield and return on invested capital in this important crop in Minas Gerais. These results are encouraging and represent not only savings on fertilizers, but also an ecological contribution, due to possible problems related to the use of high application rates of nitrogen fertilizers, especially when mismanaged.
Conclusions
The environment has a considerable influence on the characteristics evaluated. In the soil in Lavras, there is greater nodulation, plant growth, and shoot The symbiosis of common bean with the strains evaluated allow satisfactory yields, with reduction in the application rate of mineral N and of economic costs and, consequently, environmental costs.
